Particle induced X-ray emission (PIXE) analysis is a highly versatile method of element analysis. Thus it is well suited for use as a complement to other methods of analysis in experimental programs requiring both chemical and elemental analyses. This paper reports some results of two projects where PIXE was used in conjunction with titration calorimetry, ion chromatography, atomic absorption spectroscopy, gas chromatography/mass spectrometry, X-ray fluorescence spectroscopy and some other methods. The first is a study of sulfur chemistry in a copper smelter plume. Arsenic was found to be a conservative tracer of the plume and was used for calculation of plume dilution. Calcium was found to be characteristic of the background or ambient aerosol and was used to correct particulate data for the background contribution. The use of both plume and ambient tracers and of data from other analytical methods noted above led to the determination of several aspects of the plume sulfur chemistry. The second project is a study of the effluents from a high-temperature, high-pressure entrained flow gasifier. The scrubber water and particulate matter entrained in the scrubber water and in the product gas were analyzed by PIXE. Of particular interest were the low elemental concentrations in the scrubber water.
Introduction
Particle induced X-ray emission (PIXE) analysis is an excellent method for determining the elements heavier than aluminum which occur in samples at concentrations on the order of a part per million or greater. This paper reports results of two studies where PIXE methods of analysis were used with a number of other analytical methods in order to meet the objectives of the studies. PIXE Details of these procedures are to be published.6
Samples for PIXE analysis were prepared from these and other solution samples by placing 5 p1 of the solution on a thin Mylar film and allowing it to dry. The Mylar film was previously rinsed in deionized water, immersed in 25% NaOH solution for 7 min. , rinsed in deionized water, immersed in 0.02% polyvinylpyrrolidone (PVP) for 2 min., and allowed to dry in order to make it hydrophilic.
Some thick samples were used for semi-quantitative analysis by PIXE. These were prepared by combining approximately 0.40 g of sample, 0.20 g of pure cellulose, and 0.10 g of powdered A1203:3H20 containing 15.62 ppm Y203 as an internal standard. These materials were well mixed and then pressed into a pellet with a diameter of 2.5 cm and a cellulose backing. Twelve pellets were made from USGS standard rock samples7 and a NBS standard8 spiked with Y203.
From these an empirical calibration curve was determined and then used to provide an estimate of the trace element content of sample material.
Projects Sulfur Chemistry in a Copper Smelter Plume
One project involved the study of sulfur chemistry in the plume from a large copper smelter located southwest of Salt Lake City, Utah.6 Some afternoons a well defined plume from the smelter would sweep in a southerly direction against the Oquirrh Mountains. A series of six sampling sites were located within the plume path along the mountain side and in the valley beyond. The first sample site was 3.9 km from the smelter and the last a distance of 60 km from the smelter. At each site the following samples and data were collected: meteorological information, SO2 concentrations and air particulate material. The primary aerosol sample was taken with a Sierra Instruments, Inc., high volume cascade impactor (series 230) with three impaction stages and a back-up filter. Both the impaction surfaces and the filter were of tissue quartz as was noted above. The center strip of the tissue quartz collection surface on each impaction stage was removed and replaced with a strip of doublestick cellulose tape (DSCT) (3M Manufacturing Co.).
Particles were collected directly on one half the length of this tape and were analyzed by ESCA. The other half of the DSCT was covered with 1/4 mil Mylar which contained a thin film of petroleum jelly on which the particles were collected. A portion of the Mylar strip was analyzed without further preparation by PIXE analysis. Particulates on the tissue quartz were extracted as discussed in the experimental section.
In addition to PIXE the following analytical methods were used in the analysis of the particulate material: thermometric analysis using highly sensitive calorimeters, ion exchange chromatography, ESCA analysis, SEM and ion microprobe analysis, and M6ssbauer analysis. While only the PIXE analyses will be emphasized in this paper it should be noted that PIXE analysis was a support to the other techniques and that the sampling procedure was designed to provide a proper sample for each of the techniques while keeping within the constraints of time, effort and equipment.
The majority of the particulate mass was found on the impaction stage containing particles in the 0.5-1.5 pm size range and the discussion below refers primarily to this size fraction.
It was observed that the As in the background samples was negligible but could be determined in all samples taken within the plume. Therefore As was selected as a conservative plume tracer. Figure 1 shows the ratio of element concentration to As concentration at each site normalized to the ratio at site 1 (nearest the smelter) as a function of the distance from the smelter. Zn, Mo and Pb show a constant value, suggesting that their primary source was the same as that of As, i.e. the smelter. K, Ca, Ti and Fe increase steadly with increasing distance from the smelter suggesting that they were introduced into the plume as ambient air mixed with the plume. These observations support the use of As as a conservative plume tracer and the use of the As concentration in the calculation of plume dilution.
Element concentrations as a function of particle size are shown in Figure 2 . Concentrations of K, Ca, Fe, Cu and apparently Ti and Mn all decrease with decreasing particle size. Concentrations of As, Mo, Pb and S02 increase with decreasing particle size.
In addition to other elements, Ca, As and SOi were determined in eight background samples and the S02 :Ca and the As:Ca ratios were found to be 1.0±0.6 and 0.005± 0.007 respectively. Futhermore, it was determined that the concentration of Ca in the plume near the source was about 0.02 pmole/mg of particulate matter.
This contribution of Ca due to the plume would be further reduced as the plume was diluted. These observations led to the following conclusions. The As in the ambient air particulates was small enough to be neglected in comparison to that found in the smelter plume. Ca found in the plume at various distances from the source could be assumed to come entirely from the ambient air and the S02 coming from the ambient air had a concentration equal to that of the Ca. This was most important in order to determine the amount of sulfate being formed from SO2 in the plume.
Some important observations concerning the sulfur species were made. While the As concentration in the air particulates decreased with time as the plume moved away from the source, the concentration of S(IV) increased and the concentration of S02 decreased significantly slower than the As. Therefore, both species of sulfur particulate material were being formed in the plume as it aged. It was found in this study that S(IV) formed stable complexes with Fe and Cu found both in the plume and in ambient particulates and that the amount of the complexes formed was controlled by chemical equilibrium. The amount formed was directly proportional to the concentration of S02(g) and of particulate Cu + Fe and was inversely proportional to the particulate acidity. The formation of SOi was found to be controlled by chemical kinetics and may be described by a mechanism which is first order in SO2(g). The formation did not depend on plume expansion nor on particulate acidity, metal content or S(IV) content. The S02 formed was mainly in the < 0.5 pm particle size.
Effluents From a High-temperature, Entrained-flow Gasifier In a recently completed project, measurements were made to determine the presence and amounts of potential inorganic and organic pollutants in the effluents of a high-pressure, high-temperature, entrained-flow gasifier.9 The project was carried out in cooperation with Eyring Research Institute where the gasifier was being developed. Pulverized coal was introduced into the gasifier in a gas stream and mixed with superheated steam and oxygen. The reaction was carried out at pressures of 50 to 300 psig and temperatures of 12000-15000C. The products were partially 1380 cooled, slag and some fly ash were removed, and then the product gas was cleaned and cooled in a water scrubber column.
Samples for analysis were taken from (a) the product gas stream, (b) the scrubber effluent water, (c) the gas evolved on depressurization of the scrubber water, and (d) the particulate matter filtered from the scrubber water. A few samples of coal and slag were also analyzed. Sets of samples were taken for several operating conditions. The different operating conditions were achieved by varying coal type, coal feed rate, reactor pressure, oxygen to coal ratio, and steam to coal ratio.
The results of the PIXE analyses are summarized here. It should be emphasized, however, that PIXE was just one of many methods of analysis and was used in a supporting roll in the project. Other methods of analysis were gas chromatographic/mass spectrometry, X-ray fluorescence, thermometric titrimetry, ion chromatography, atomic absorption spectroscopy and the use of Drager Tubes (SKC West, Fullerton, CA) for some gas analyses.
A considerable effort was required to design sampling procedures which provided a proper sample for each of these analytical methods and at the same time satisfied the constraints of time and resources available for the project. between those typical of urban air and those typical of air in remote regions. The values for Cr, Fe, Ni, Cu, Zn and Br are about average for urban air. The differences in these two sets of elements with respect to urban aerosol levels-may arise from fractionation processes in the combustion and scrubbing steps or they could be due to erosion of the metal parts of the gasifier system. Concentrations of all species listed with perhaps the exception of NH4, are well below those required by clean water standards. This means that after the relatively simple step of filtration, the scrubber water could be discharged directly into g culinary water system. Perhaps some treatment for NH4 would be necessary. The results of this study lead to the conclusion that both the product gas and effluent water streams were exceptionally clean which makes the process studied attractive from an environmental point of view. The only pollutant problems of concern were the pr$sence of some H2S in the product gas, the level of NH4 dissolved in the water, the removal of soot from the water, and the final disposal of the ash. 2ppb by weight of product gas mg/m3 
